Glycine, L-lactic acid, glycolic acid, L-alanine, D-alanine, L-leucine, L-serine, L-phenylalanine, triglycine, hydrochloric acid, sodium hydroxide, ammonium hydroxide, triethylamine, and deuterium oxide (99.9 mol %) were obtained from Sigma-Aldrich. Potassium hydrogen phthalate was from Fisher Chemical. Ultrapure water (18.2 MΩ/cm) was from a Barnstead Nanopure Diamond system (Van Nuys, CA).
Mass spectrometry
MS analysis was performed on Waters Synapt G2 HDMS traveling-wave ion mobility and Waters Xevo G2 mass spectrometers, both equipped with a quadrupole/time-of-flight (qTOF) mass analyzer (Resolution mode; m/Δm = 20,000 FWHM). Samples were diluted in ultrapure deionized water to concentrations ranging from 0.013 to 0.044 mg mL -1 (of starting monomers, concentrations of individual oligomers are lower) and directly infused into the mass spectrometer by electrospray ionization (10 µL min -1 for 2 min) in negative-ion mode. For all samples, the capillary was set at 2.00 kV, the sampling cone voltage was 30, the extraction cone voltage was 3.0, the source temperature was 90°C, the cone gas flow was 20 L hr -1 , the desolvation gas flow was 650 L hr -1 , and the desolvation temperature was 250°C. The TOF was calibrated daily using sodium formate clusters from m/z 50 to 1200 with a threshold of 1 ppm. For accurate mass data (<10 ppm), peaks were centered based upon area and LockMass correction was applied using leucine enkephalin ([M-H] -= m/z 554.2615). Tandem MS was performed using collisioninduced dissociation (CID) using argon gas in the transfer collision cell (Synapt G2). All specified collision energies are given in electron volts (eV) and are lab-frame. When ion mobility separation was used, the wave velocity ranged from 550 -900 m s -1 , the wave amplitude was set at 40 V, and the mobility gas flow was 90 mL min -1 N 2 (corresponding to a pressure of 3.67 mbar in the cell). Ion mobility data extraction was performed using Driftscope v2.1 software (Waters). Spectra were plotted in OriginPro 9.0 software.
Unless otherwise noted, all depsipeptide peak assignments correspond to [M-H] ions. In traditional proteomic analysis, proteolytic peptides are commonly analyzed using positive-ion mode. However, because depsipeptides studied here contain an -OH instead of an -NH 2 on the "N" terminus, we found the sensitivity to be lower in positive mode. Additionally, tandem MS sequencing was more effective in negative-ion mode as essentially all fragment ions contained the C-terminus. This is consistent with literature on negative-ion mode peptide fragmentation ("α-cleavages").
[1] Several DKP-like cyclic byproducts could only be detected in positive-ion mode and not in negative-ion mode ( Figure SL) .
For the data given in Figure 2b , 13 C isotopic deconvolution was performed manually in order to determine the relative amounts of alanine and lactic acid within each oligomer. The mass difference between lactic acid and alanine residues is 0.9840 Da, and thus X+1 isotopic signal from one combination of lactic acid and alanine (e.g., 1LA+2A) often overlapped with subsequent combinations of lactic acid and alanine (e.g., 2LA+1A). In order to quantitatively correct for this effect, signals were integrated and peak areas were obtained for each combination of lactic acid and alanine. Based upon the number of carbons, the relative contribution of 13 C in the mass spectrum was determined (1.109% per carbon) and subtracted out, resulting in the net peak area from each unique combination of lactic acid and alanine. These areas were summed for each oligomer (e.g., n=3) and the relative amount of each combination was calculated. The average amounts of alanine and lactic acid were determined by multiplying each percentage by the number of residues within the depsipeptide. This process does assume that differences in ionization efficiency between combinations of lactic acid and alanine of the same size (e.g., all n=3 LA+A depsipeptides) are negligible. If positive-ion mode had been used, this assumption may not be valid, as backbone nitrogen atoms can be protonated. However, in negative-ion mode, we find it unlikely for deprotonation to persist anywhere other than the C-terminus [2] (that is, without collisional activation), especially considering the side chains of lactic acid, alanine, and glycine. An example isotopic correction calculation is below:
Determining relative amounts of LA+A trimer (n=3) for 12 cycles. m/z #1 (corresponding to 1LA+2A; C 9 H 15 N 2 O 5 -) = 231.10; peak area = 1.37E6. 13 C contribution = 0; net area = 1.37E6. m/z #2 (corresponding to 2LA+1A; C 9 H 14 NO 6 -) = 232.10; peak area = 1.46E5. 13 C contribution = (# carbon atoms)*( 13 C relative isotopic abundance)*(area) = (9)*(0.01109)*(1.37E6) = 1.37E5; net area = 1.46E5 -1.37E5 = 9.26E3. Sum area (all n=3 oligomers) = 1.37E6 + 9.26E3 = 1.38E6. 1LA+2A = 1.37E6/1.38E6 = 99.3% 2LA+1A = 9.26E3/1.38E6 = 0.7% %A = 0.993*(2/3 residues) + 0.007*(1/3 residues) = 66% %LA = 0.993*(1/3 residues) + 0.007*(2/3 residues) = 34% Therefore, for n=3 depsipeptides containing alanine and lactic acid, the relative abundance of alanine is 66% and the relative abundance of lactic acid is 34%.
IR spectroscopy
IR data was obtained on a Thermo Nicolet 4700 FTIR Spectrometer. Samples were analyzed dry in an Attenuated Total Reflectance (ATR) sample chamber. Spectra were background-subtracted from 400 to 4000 cm -1 and signal-averaged (16 scans per spectrum). Data processing (normalization and subtraction) was performed using OriginPro 9.0 software.
NMR spectroscopy
The NMR spectra were recorded by a Bruker Avance II-500 spectrometer. Dried samples obtained after the last warm/dry period were rehydrated in 600 µL D 2 O. For quantitative 1 H NMR analysis, a 1 mm capillary with potassium hydrogen phthalate (KHP) D 2 O solution was used as external standard in the 5 mm diameter NMR tube, and data were collected using 30 degree pulse program with 30 seconds relaxation delay. HSQC and HMBC data were obtained by standard pulse program, hsqcetgpsi2 and hmbcgplpndqf, with 1.5 s relaxation delay. [3] Spectra width of 1 H is 3501.401 Hz. For 13 C, the spectra width is 25153.822 Hz. All spectra were processed and plotted by MestReNova 9.1.
Heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond coherence (HMBC) two-dimensional NMR analysis techniques also confirmed amide bond formation. For these analyses, we used the 16-cycle glycine and lactic acid sample with the replenishment of lactic acid at the 8 th cycle as a representative sample. The 1 H resonances of glycine and lactic acid residues were assigned using HSQC ( Figure Sγ) . The correlations between methylene and methyl groups were used to confirm the location of lactic acid residues in depsipeptides.
In the carbonyl region of HMBC spectra, most of the glycine residues correlate to two carbonyl carbons, with one of the carbonyl carbons correlated to the methyl groups of lactic acid residues. Because HMBC is most sensitive for correlations spanning 2 or 3 covalent bonds, these correlations were used to assign LA and G residues linked amide bonds. Using triglycine as a standard, we confirmed that the C-terminal G-G amide bond is also detected in the HMBC spectrum ( Figure Sγ ). Due to spectral overlap, we are not able to differentiate internal G-G amide linkages from internal LA-G amide linkages at this time. Nevertheless, internal G-G amide linkages are observed by tandem MS sequencing ( Figure 3b ). Overlapping internal LA-G and internal G-G amide signals were integrated together in our yield calculations (combined with C-terminal G-G amide signals).
The chemical shifts of resonances in the above discussion are provided in Table S1 . HSQC and HMBC spectra of the G/LA mixture with different cycles are shown in Figures Sη and Sθ, which show similar 1 H, 13 C chemical shifts/correlations. Quantification of free glycine monomer and reacted glycine (incorporated into depsipeptides) was accomplished using 1 H NMR. Peaks corresponding to amide bond-linked glycine residues were identified by two-dimensional NMR analyses as discussed in the previous section. A 30 sec relaxation delay was used to ensure full relaxation for accurate integration. Each data point was repeated three times.
As indicated in Eq. 1, the integrals of different species in the NMR spectrum are proportional to the products of molar concentration (M x ) and number of protons (N x ). 
Because every sample was diluted three-fold for replicate NMR experiments, the concentration of a compound of interest in the original sample is three times larger than the value calculated using Eq. 4. As a result, the concentration of glycine and lactic acid residues were calculated using Eqs. 5 and 6. All resonances from the methyl group of lactic acid units, including monomer and oligomers, were considered in our calculations. 
The yields of glycine residues with LA-G amide linkage (Y LA-G ) and C-terminal G-G linkage (Y G-G ) were calculated by using Eqs. 7 and 8. The volume of the sample solution (V) and the initial moles of glycine monomer (n Gly initial ) were considered to calculate the amount of amide-linked glycine. The ratio between the amount of amide-linked glycine and the initial amount of glycine monomer gives the yield of amide bonds. It was not possible to differentiate internal G-G amide linkages from internal LA-G amide linkages. All signals in the region of LA-G linkages were included in the yield calculation. Both Y LA-G and Y G-G were included in the calculation of overall amide bond yield (Y amide bond ) as shown in Eq. 9.
Example Calculation, amount of amide bonds in the 16-cycle LA-Gly sample:
The locations and integrals of peaks used for quantitation are shown in Figure Sπ and listed in Table S2 . Other parameters used for calculation were given by Table S3 .
The concentrations of remaining glycine monomer and lactic acid residues were calculated by Eqs. 5 and 6. 22.56% 4 2 0.02
II. Compounds in this Study
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III. Mechanism Scheme 1 (continued)
We propose that two major pathways, labeled pathway A and pathway B, through which depsipeptide formation and amino acid enrichment may occur.
Description of proposed mechanisms:
Lactic acid (LA, 1) and amino acid (AA, 2) are initially mixed together and dried down. As water evaporates, pathway A favors the formation of ester bonds between lactic acid residues to form a lactic acid dimer (3). This linear dimer is likely in equilibrium with the cyclic lactide, the ester equivalent of a diketopiperazine or DKP. The lactide dimer is less stable than an amidelinked DKP, however, and is expected to reversibly interchange with the linear form. The amine of an amino acid monomer attacks the ester carbonyl carbon in 3 to produce a heterodimer (4) containing one lactic acid residue and one amino acid residue linked with an amide bond. This species may cyclize as well. We do tentatively detect the 2LA and 1LA+1AA cyclic dimers in our samples ( Figure SL) . It is currently unclear whether the linear or cyclic forms are the active species; however, we note that depsipeptide formation does appear to be much less efficient starting from DKP than from the glycine monomer ( Figure SD) . Upon repeated cycling, the amide-linked heterodimer 4 continues to grow to 5 and, eventually, to 12. Spontaneous amide-ester exchange occurs on 12 to form 6, a linear depsipeptide with a lactic acid residue at the "N"-terminus and amino acid residues elsewhere. Further esterification leads to lactic acid residues being found at both termini and amino acid sequences being enriched internally. It is likely that not only monomers but also other short depsipeptides (e.g., the heterodimer 4) may add onto 6, resulting in the introduction of an internal lactic acid residue (13). Indeed, we do observe depsipeptides with a lactic acid residue between internal amino acids and C-terminal amino acid (Figures SR and ST). However, with increasing cycles we expect these species to convert further to pure peptide internal sequences (14). Pathway A appears to be most consistent with our data; therefore, we propose this is the main pathway for depsipeptide formation and the resulting transition towards peptide sequences.
Another route, pathway B, is also possible. In pathway B, a reversible ester-linked heterodimer (7) is formed as water is either removed or added. This heterodimer is observed in mass spectrum shown in Figure SE ; however, it disappears as cycling increases. Subsequent attack on the ester carbonyl carbon by the amino acid leads to irreversible formation of dipeptide (8) . Upon cycling, lactic acid adds to the Cterminus of the peptide to form 9, followed by amide-ester exchange to form the tripeptide 10. A likely side-product in pathway B is a DKP (11) . [4] [5] [6] [7] [8] Although we tentatively identify mixed ester-amide DKP-like cyclic species, pure amino acid DKPs have not been detected to date ( Figure SL) . Moreover, we do not observe pure peptides in our samples without containing at least one lactic acid residue, and depsipeptides with lactic acid residues solely on C-termini are extremely rare. Therefore, at this time, we propose that pathway B provides only a minor contribution, if any.
IV. Accurate Mass Tables
Oligomer (n=2 thru 8 Figure S2 . Depsipeptide formation at a lower dry-state temperature of 65°C. Tandem MS sequencing of 1LA+1G depsipeptide formed using dry and wet temperatures of 65°C for two cycles. Both the esterlinked and amide-linked depsipeptide are observed. CID collision energy = 10 eV (lab-frame). While this is the lowest temperature that we observe an amide bond, oligoesters are observed with a dry-down temperature of 55°C (data not shown). Table S3 . List of parameters used in the yield calculation.
V. Supplemental Figures and Tables
Name Notation Value
The volume of NMR samples The initial amount of glycine n Gly,initial 0.02 mmol Figure S15 . The amounts of glycine monomer and total lactic acid (monomer + residues in products) across different cycles. M Gly = concentration of unreacted glycine monomer. M LA = concentration of total lactic acid. Initial amount of lactic acid (0.02 mmol) was added at 8 th cycle to reactivate the reaction. As the amount of total lactic acid increases after the 8 th cycle, the reaction rate appears to increase as well, resulting in less free glycine monomer. All values came from the calculation using Eqs. 5 and 6. S17. Mass spectrum of alanine-lactic acid mixture after 1 cycle, adjusted to pH 5, 7, and 9 with ammonia. Peaks labeled with asterisks correspond to sodiated monomer cluster species and not oligomers (e.g., m/z 201.0388 corresponds to [2Lactic acid+1Na-2H] -; theo. m/z = 201.0376, C 6 H 10 O 6 Na). NH 4 OH was added to adjust pH, forming an ammonium lactate buffer solution. Depsipeptide formation was most efficient at pH 9 but also occurred at pH 5 and pH 7. -. (inset) The 1LA+1A heterodimer is observed but is the only depsipeptide detected in this sample (that is, after 1 cycle). Samples pH-adjusted with ammonia and triethylamine generate significantly more depsipeptide signal. We hypothesize this is due to the fact that sodium hydroxide cannot provide a proton to make the carboxylate a good leaving group in the esteramide exchange reaction. Other factors include that ammonia and trimethylamine are more volatile, and the ionization efficiency in MS analysis is likely reduced in NaOH due to sodium-induced ion suppression. , reflecting a higher amount of unreacted alanine monomer. Previous results from Cronin and Moore [9] and Peltzer and Bada [10] show the amounts of alanine and lactic acid in the Murchison meteorite to be 3.5 µg g -1 and 5.9 µg g -1 , respectively. This mass ratio corresponds to a relative mole ratio of approximately 40% alanine and 60% lactic acid starting monomers. Notably, we observe depsipeptides form readily from similar starting ratios (e.g., 50% alanine and 50% lactic acid, as shown in the main text, and 30% alanine and 70% lactic acid, as shown here). (bottom) Two 2LA+3L sequences are observed after 8 cycles, LA-Leu-Leu-Leu-LA and LA-Leu-Leu-LA-Leu. Collision energy = 18 eV. The presence of the LA-Leu sequence on the C-terminus suggests the LA-Leu heterodimer is adding to the larger depsipeptide in addition to LA monomer. Collision energy = 15 eV. One lactic acid residue is almost exclusively at the N-terminus, and the other lactic acid residue is either at the C-terminus or the residue adjacent to the C-terminus. The presence of LA-AA heterodimer sequences at the C-terminus is consistent with that in Figure SR and discussed in Section III (Proposed Mechanism). As a result, we conclude that up to 12 isobaric sequences could be present: (1) LA-Ala-Gly-Leu-LA, (2) LA-Ala-Gly-LA-Leu, (3) LA-Ala-Leu-Gly-LA, (4) LA-Ala-Leu-LA-Gly, (5) LA-Gly-Ala-Leu-LA, (6) LA-Gly-Ala-LA-Leu, (7) LA-Gly-Leu-Ala-LA, (8) LA-Gly-Leu-LA-Ala, (9) LA-Leu-Ala-Gly-LA, (10) LA-Leu-Ala-LA-Gly, (11) LA-Leu-Gly-Ala-LA, and (12) LA-Leu-Gly-LA-Ala. All potential combinations are shown. Figure S27 . Mass spectra of serine and lactic acid system after 1 and 8 cycles. # corresponds to loss of CH 2 O from serine side chain in serine-lactic acid dimer, such that serine is converted to glycine in the gas-phase (i.e., this m/z value corresponds to 1LA+1G). This is a common fragmentation pathway for serine in negative-ion mode 1 and typically corresponds to the base peak in tandem mass spectra of serine-lactic acid depsipeptides. & corresponds to trace background contaminant from previous experiments. After one cycle, serine-lactic acid depsipeptides are observed. However, after increased cycling, these products disappear. There are several potential explanations for this result, which are likely related to the potentially-reactive hydroxyl group on the side chain of serine. One potential explanation is that cyclic products form which stunt depsipeptide formation and amino acid enrichment. We do observe a signal with the same mass as 1LA+1Ala; it is possible this is a byproduct of larger cyclic species which are decomposing, but this has not yet been confirmed. Future studies will focus on serine as well as other polar side chain amino acids such as aspartic acid. between tandem MS data of serine-lactic acid depsipeptides and those using other amino acids. One is the intense loss of the serine side chain, which is unsurprising (see Figure SU) . Another, more surprising, observation is that serine is frequently present on the N-terminus of these depsipeptides. Typically, we observe lactic acid on the N-terminus of depsipeptides. This suggests a different mechanism to form polar-side-chain depsipeptides vs. nonpolar-side-chain depsipeptides. This is also consistent with the full mass spectra obtained, which show depsipeptides are not present after repeated cycling. We hypothesize that unstable ester linkages are formed with the serine side chain; however, further studies are needed to confirm this. Figure S29 . Mass spectra of 1:1 mol glycine-glycolic acid depsipeptides after 1 cycle and after 8 cycles. After 1 cycle, the majority of depsipeptide signals correspond to water-loss species, suggesting they may be cyclic instead of linear. However, after 8 cycles, it appears the depsipeptides preferentially adopt a linear structure over the water-loss species, similar to those formed using lactic acid. Glycolic acid is the simplest α-hydroxy acid with an amino acid analog and is found at similar abundance in prebiotic reaction mixtures [11] and meteorites [10] as lactic acid, glycine, and alanine. Based on this data, it appears amino acid incorporation may be somewhat more efficient using glycolic acid than lactic acid. 
